
CHAPTER 1

 1.1 INTRODUCTION

Any material can be physically characterized by several measurable quantities such as electrical
conductivity, magnetic permeability, dielectric constant of the material etc. While considering
the different characteristics of material, one should keep in mind that all materials are constituted
of atoms and atoms consist of nuclei and electrons. The physical and chemical properties of
the atom indicate that each atom consists of a positively charged particle – the nucleus and
negatively charged particles – the electrons with their number corresponding to the atomic
number of the given element in the Periodic Table.

A hydrogen atom is the simplest type of atom so that it can be considered as a model while
discussing the properties of atoms and their relationship with the materials.

 1.2 THE HYDROGEN ATOM IN THE LIGHT OF QUANTUM MECHANICS

Several experimental evidences show that an atom consists of a positively charged nucleus,
and  negatively charged electrons revolving around the nucleus. The nucleus is mainly built
up with a number of neutral particles along with some positively charged particles. In the case
of a neutral atom, the number of positively charged particles is equal to the number of negatively
charged particles. The mass of the electrons is negligible and thus it can be said that the whole
mass of an atom is concentrated in the nucleus.

A hydrogen atom consists of an electron moving in the field of a proton. Generally, it is
assumed that the electron revolves like a point particle in a circular orbit of radius r around the
proton. The Coulomb force acting on the electron should be equal to the centrifugal force in
order to confirm the stability of the orbit.

Fig. 1.1 Illustration of Different Forces Acting on a Hydrogen Atom
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From Fig. 1.1, it can be concluded that:

mv2/r = e2/4πξ0r
2 ...(1.1)

Here, v is the velocity of the electron and ξ0 = 8.854 × 10–12 farad/m. The total energy of
the electron, W, in this state of motion is equal to the kinetic energy, ½mv2, plus the potential
energy due to the Coulomb force. If the potential energy of the electron is defined for r tending
to infinity, it can be written that,

W =  
1
2 mv2 – e2/4πξ0r

2 ...(1.2)

Substituting the value of 
1
2

mv2 from eqn.(1.1) into eqn.(1.2), we get,

W =  – e2/8πξ0r
2 ...(1.3)

The minus sign indicates that the energy of the electron in this state is below the value it
would have if r was at infinity.

In order to define the orbit stability, Bohr postulated a quantum condition on the motion
of the electron assuming that only some of the circular orbits are stable for which the angular
momentum is equal to an integral time h/2π, where h=6.62×10–34 joule sec. (Planck’s
constant). This quantum condition for circular orbits may be written as,

mvr = nh/2π   where n = 1, 2, 3,… ...(1.4)

From the Bohr’s postulate, substituting the value of v2 in eqn.(1.1), the possible radii of the
circular orbit can be obtained which may be given as,

r
n
 = (ξ0h2/πme2)n2 metre ...(1.5)

So, the smallest radius in the electron orbit is found to be almost equal to 0.528 nm, which
is also known as pre-quantum mechanical times and also called the first Bohr orbit.

Bohr’s postulate gives a definite physical meaning when considered in the light of wave
mechanics, in which the particles would be described as waves. From the Schrödinger wave
equation, the wave function representing these wave particles and the charge distribution
associated with the electron can be determined. The physically acceptable wave function exists
for specific integer values of three quantum numbers such as:

The principal quantum number n = 1, 2, 3, …… ...(1.6)

The angular momentum quantum number l = 0, 1, ……, (n–1) ...(1.7)

The magnetic quantum number ml = l, (l – 1), ……, –(l – 1), –1 ...(1.8)

The principal quantum number n acts the same as the quantum number n in the Bohr’s
postulate. Now, according to the wave nature of the electrons, the interpretation of the motion
of the electron in the ground state according to the Bohr’s postulate can be interpreted in
terms of charge distribution in the wave mechanics. In the case of a hydrogen atom, the charge
density of an electron moving around the proton in the ground state may be given as,

ρ(r) = –(e/πr1
3)e–2r/r1       ...(1.9)

where r1 is the radius of the first Bohr orbit.
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The total charge corresponding to the above charge distribution is given as,

4πr2 ρ(r)de = –e ...(1.10)

Now, we can determine the probability of the electron to be found out at a distance r from
the proton and the allowed energy levels. The potential energy of the electron at a distance r
from the proton is found from electrostatics:

Ε(ρ) = ε2/4πξ0r ...(1.11)

Thus the differential equation to be solved is

(e2/2m) ∆2 Ψ + (e2/4πξ0r + E)Ψ = 0 ...(1.12)

The solution of the differential equation is found out to be as:

Ψ = – nrCe ...(1.13)

Here, C
n
 is a constant which can be found out from the eqn.(1.12); n represents the number

of orbit. The value of Cn is found out to be as:

Cn = me2/4πn2ξ0 ...(1.14)

Now from eqn. (1.13), the probability that an electron can be found out at a point is
proportional to Ψ2 or e–2Cnr. It can be shown that the highest probability is at the origin and it
decreases exponentially to zero with r tending to infinity. Then the probability distribution
function can be shown as:

rn
2 Ψ2 = rn

2  e–2Cnr ...(1.15)

The numerical value of the maximum can be determined by differentiating eqn.(1.15) and
it would be given as:

d
dr

(r1
2 e–2C1r) = 0 =  e–2C1r  (2r1 – 2C1r1

2) ...(1.16)

Note: As the highest probability is at the origin, the value of n is taken as 1.

So,

r1 = 1/C1= 4πξ0/me2 = 0.0528 nm ...(1.17)

Similarly, it can be said that,

r
n
= 1/C

n
= 4πn2ξ0/me2 ...(1.18)

From eqns. (1.17) & (1.18), we can write that,

r2 = 1/C2= 4πn2 ξ0 /me2 = (4×0.0528) nm = 0.2112 nm ...(1.19)

Similarly, the other values of r
n
 can also be calculated.
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r  Cn n

n  = 1

Fig. 1.2 Plot of rn
2Ψ 2 for the Lowest Energy Level (n = 1)

n  = 1

n  = 2

r  Cn n

Fig. 1.3 Plot of rn
2Ψ 2  for the Energy Levels (n = 1 & 2)

 1.3 NOMENCLATURE PERTAINING TO ELECTRONIC STATES

In section 1.2 we have discussed that the state of the motion of the electron in a hydrogen
atom can be defined by three quantum numbers such as n, l and ml. It can be seen from eqns.
(1.7) and (1.8) that in the lowest energy level i.e. n=1, both the quantum numbers l and ml
will be zero. Similarly, for other values of n, the various states of l and ml  can also be found
out. In atomic physics, for every state with a particular l-value, there is a particular name. And,
in this way a state with l=0 is known as “s-state”, a state with l=1 is known as
“p-state”, a state with l=2 is known as “d-state” etc.

Now from eqn. (1.8), it can be noted that there are (2l + 1) possible values of m1 for a
particular value of l. Hence we can determine the total number of states corresponding to a
given value of n from eqn. (1.20) below:

(2l + 1) = n2 ...(1.20)
Thus, for n = 4, the number of different states will be 16.
The group of different states corresponding to a particular value of n is generally referred

to as a shell of electrons. The states corresponding to n = 1 is referred to as the K-shell, that to
n = 2 as the L-shell and that to n = 3 as the M-shell etc.

 1.4 THE ELECTRON SPIN AND PAULI’S EXCLUSION PRINCIPLE

Except the three quantum numbers n, l and ml, there is one more quantum number called as
spin quantum number, s that always takes the value ±1/2. Any permissible combination of

ψ2 2
nr

ψ2 2
nr
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these four quantum numbers gives a definite state from which the wave function and the
electron’s energy can be determined.

But what will be the result if there is more than one electrons in a particular state? This
problem can be solved if we consider Pauli’s Exclusion Principle. According to Pauli’s Exclusion
Principle: “There can be no more than one electrons in any given state”.

 1.5 POTENTIAL BARRIER PROBLEMS

1.5.1 Schrödinger’s Equation
Schrödinger’s equation is very much useful in explaining almost all the properties of the

solid state but it needs the help of Pauli’s principle and the electron spin. The Schrödinger’s
equation may be given as follows:

–(h2/2m)∇2 ψ +Vψ = ih 
t

δψ
δ ...(1.21)

Here ψ is called the wave function and it gives the probability of an electron to be found
out in the volume element dxdydz, in the immediate vicinity of the point x, y, z at time t.

It can be concluded that from Schrödinger’s equation we cannot determine the position of
the electron but only the probability of an electron to be found out in the immediate vicinity of
the point x, y, z at time t.

1.5.2 The Electron as a Wave
The simplest case to be solved from eqn. (1.21) will occur when V = 0 and the electron is

moving in one dimension. In general, Schrödinger’s equation is also written as,

–(h2/2m) ∇2 ψ + Vψ = Eψ ...(1.22)
and this is called the time-independent form.

Now, if V = 0, then eqn. (1.22) will take the form of,

h2/2m 
2

2

δ ψ
δ

 + Eψ = 0 ...(1.23)

The solution of the above differential equation is a wave in space. Thus the solution of the
above equation may be given as,

Ψ = exp(–iEt/h){A exp(ikz) + B exp(–ikz)} ...(1.24)

where A and B are two constants representing the amplitudes of the forward and backward
traveling waves respectively and k is found out from the relation,

E = h2k2/2m ...(1.25)

Here E is the potential energy of the electron, V is taken as zero and so it can be said that
eqn.(1.24) is representing the kinetic energy.

1.5.3 The Effect of Potential Barrier on Electrons
Let us take the case of an electron incident upon a potential barrier. From Fig. 1.4, it can be

said that if the kinetic energy of the electron, E is less than V2, the electron will be turned back



6 Electrical Engineering Materials

by  the potential barrier at z = 0. If E e>V2, the electron slows down but resolves through the
other side of the potential barrier.

V  = 01

Electron

Region 1 V
Region 2

V2

Z0

Fig. 1.4 An Electron Incident Upon a Potential Barrier

If this problem is looked upon in the light of quantum mechanics, the electron should be
represented as a wave packet centered in space at z0 and its momentum should be represented
with an uncertainty “p”. In general, a sufficiently sparse electron beam is shooted towards the
potential barrier with a well-defined velocity. Now from Schrödinger’s equation, their spatial
distribution on the average can be found out. But practically, only the probability of an electron
to be found out at z can be determined.

From Fig. 1.4, we can see that V1  = 0 in region 1. So the solution for this region will be
same as eqn.(1.24)

Ψ = exp (–iEt/h){A exp (ik1z) + B exp (–ik1z)} ...(1.26)

And
k1

2 = 2mE/ h2 ...(1.27)

In the region 2, the equation to be solved will be as follows,

(h2/2m)
2

2z
δ ψ
δ

 + (E – V2)ψ = 0 ...(1.28)

So the solution for this region will be as written below,

Ψ = exp (–iEt/h){C exp (ik2z) + D exp (–ik2z)} ...(1.29)

where,

k2
2 = 2m(E–V2)/ h2 ...(1.30)

Now how is it possible to determine the probability for the electron to be found out in
region 1 or 2? Now we know that whenever a wave is incident upon any uncertainty, it
divides into two parts, one is the reflected wave and the other is the transmitted wave. Now as
there is no wave incident upon region 2, so the value of D must be zero.

Now, in order to determine the other three constants, i.e. A, B and C, the solutions of the
equations at the two regions are to be matched for z = 0 and for this it is required that ψ and
δψ/δz are continuous. After matching these two equations, it is found that,

A + B = C ...(1.31)

And, ik1(A–B) = ik2C ...(1.32)
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where,
B/A = (k1 – k2)/(k1 +k2) and C/A = 2k1/(k1 +k2) ...(1.33)

Now, there may be two relations between E and V2.
(i) E > V2. Here, k2

2>0, so k2 is real, which in turn shows an oscillatory motion in
region 2. But, the values of k2 and k1 are different. Thus, B/A is finite and it can be
said that there is a finite amount of reflection. In other words, there is some probability
that the electron is turned back by the potential discontinuity.

(ii) E < V2. Here, k2
2<0, so k2 is imaginary, which in turn shows exponential declination

in region 2. So, C/A > 0 and there is a finite but declining probability of finding
the electron at z>0. Though, classically, the electron cannot be found out at region
2, under quantum mechanics, it can penetrate through the potential barrier.

 1.6 FERMI-DIRAC DISTRIBUTION FUNCTION

A general problem is the determination of the energy levels of electrons in a solid. For this
analysis a simple model called “free electron model” of a metal introduced by Sommerfield is
used. Now, if we imagine a cube of side L containing the electrons, then the energy can be
determined from the equation below,

E = h2/2m(k
x
2 + k

y
2

 + k
z
2) = h2/8mL2 (n

x
2 + n

y
2

 + n
z
2) ...(1.34)

So, the allowed E is an integral multiple of h2/8mL2. From this equation the energy difference
between first and second level is found out to be 3.74×10–15 eV. But, since the squares of the
integers are involved, the difference between energy levels increases at higher energy levels.
Taking nx

2 = ny
2
 = nz

2, the maximum energy is found out to be 3 eV. Now the energy at the
level just below the maximum one can be found out by taking the values of nx–1, nx, nx . The
difference in these two energies is 1.22×10–7 eV.

Now how many states may be there in between two adjacent energy levels? In the space, a
unit cube contains exactly one state. Hence, it can be said that the number of states in any
volume is equal to the numerical value of the volume. In this way, in a sphere of radius n, the
number of states is,

4(nx
2 + ny

2
 + nz

2) 3/2 π/3 ...(1.35)

The number of states having energies less than E is given as,

4(nx
2 + ny

2
 + nz

2) 3/2 π/3 = (4π/3) K3/2 E3/2 with K  = 8mL2/h2 ...(1.36)

In a similar way, the number of states having energies less than E+dE is given as,

(4π/3)K3/2 (E+dE)3/2 ...(1.37)

So the number of states having energies between E and E+dE can be determined from
eqns. (1.36) and (1.37) as given below,

Z(E)dE = (4π/3)K3/2{(E+dE)3/2  +  E3/2}≅ 2πK3/2E3/2 dE ...(1.38)
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Now as only the positive values of nx, ny and nz  are permissible, eqn. (1.38) should be
divided by 8 to get the actual value of the number of states in between E and E+dE. So, at last,

Z(E) dE = CE1/2dE  with C =  {4π L3 (2m)3/2 }/  h3 ...(1.39)

Now eqn. (1.39) will give the number of states, but to find out the number of states occupied
by electrons, the probability of occupation, F(E) should be known. F(E) can be found out
using Pauli’s principle and thus we get the Fermi-Dirac distribution function.

F(E) = 1/[{exp (E – EF)/KT} + 1] ...(1.40)
where EF represents the Fermi level.

From eqn.(1.40), some properties of the distribution function may be listed as below:

(i) At T = 0,
F(E) = 1 for E < E

F
...(1.41)

F(E) = 0 for E > E
F

So at T = 0, all the states up to E
F
 are occupied but the states above E

F
 are empty.

(ii) For electron energies above the Fermi level,
E – EF >> kT ...(1.42)

and if the term unity in eqn.(1.40) is neglected then,

F(E) ≅ exp{–(E – E
F
)/KT} ...(1.43)

which is the classical Maxwell-Boltzmann distribution. So, for sufficiently large energies,
Fermi-Dirac distribution is same as Maxwell-Boltzmann distribution generally referred
to as “Boltzmann Tail”.

(iii) For electron energies below the Fermi level,

E – EF << kT ...(1.44)

Eqn. (1.40) may be approximated as,

F(E) ≅1 – exp {(E – EF)/KT} ...(1.45)

(iv) In the range E H•E
F
 the distribution function changes rather abruptly approximately

from unity to zero and the rate of change depends on kT. For T = 0, the change is very
fast and for higher temperature, it is more gradual. This is shown in Fig. 1.5.

F(E)

T = 0 K

T = 500 K

T = 5000 K

E
E  = 2 eVF

1

0.5

Fig. 1.5 The Fermi-Dirac Distribution Function
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 1.7 THE ATOMIC BONDS

1.7.1 The Ionic Bond
The ionic bond is due to the attraction between a positive and a negative charge. Group I
and II elements of the periodic table have one or two electrons in the outer shells respectively.
So these elements release the one or two electrons to get a more stable outer shell completely
filled with electrons. The atoms which loose electrons and become positive ions are called
electropositive atoms.

Fig. 1.6 (a) Sodium Atom with One Electron in the Outer Shell
(b) Inert Gas Structure Formed by Sodium after Loosing Electron

There should be some negative charges also for combining with this positive charge.
Elements from groups VI and VII elements of the periodic table have six or seven electrons
in the outer shells. These elements will accept the electrons released from the group I and
II elements and become stable. Thus the atoms will become negative ions and are called
electronegative atoms.

Fig. 1.7 (a) Chlorine Atom with Seven Electrons in the Outer Shell

(b) Inert Gas Structure Formed by Sodium after Receiving One Electron

Since, the electropositive atoms tend to give up electrons and the electronegative atoms
always tend to receive them, they will easily become ions if brought together. For example,
sodium, which is an electropositive element, has a single electron in its outer shell and chlorine,
which is an electronegative element, has seven electrons in its outer shell. Now when they
would be brought together, the sodium atom will become a positively charged ion loosing the
single electron from its outer shell and the chlorine atom will be negatively charged by gaining
an extra electron.  Since these ions are of opposite charge they will attract each other such that
the sodium ion will move closer to the chloride ion until the electrons in the outer shells of the
two atoms begin to repel each other.
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Fig. 1.8 Formation of Sodium Chloride Molecule by Ionic Bonding

At a certain value of the interionic separation, there will be a balance in between the
attractive force and the repulsive force and at this point the atom will become stable. This
interionic separation is called the equilibrium separation, d0. This will be clear from Fig. 1.9.

d  = Equilibrium separation0

Interionic separation

Repulsive force

Attractive force

Fo
rc

e

Total
Force = 0

d0

Fig. 1.9 Relation between Interionic Separation and Force

1.7.2 The Covalent Bond
In groups III, IV and V, there are three or more electrons in the outer shell and so the energy
required to form the ions is usually very large. So these elements cannot form an ionic bond,
instead of this they fill their outer shells by sharing electrons from other atoms. For example,
carbon, a group IV element, has four electrons in the outer shell. So to become stable it
should gain four more electrons in the outer shell. It is well known that the distribution of
charge in an unfilled shell is not spherically symmetric. Hence, the electron clouds in carbon
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atom will be pointing out to some particular direction depending on the position of the largest
probability and the wave function.

Fig. 1.10 Structure of CH4 Atom

Now if four hydrogen atoms are brought closer to these valence electrons then the
electron orbits of the hydrogen atom will begin to overlap until the electrons are being
shared by the hydrogen and the carbon. Bonding can only take place in the same direction
as of the electron clouds.

The covalent bonded molecules have a bond of greater strength between the constituent
atoms. But, since the atoms in the molecule have all been filled by sharing electrons, the
molecules themselves are not attracted to each other.

1.7.3 The Metallic Bond
The metallic bond is found in metals. The metals are generally good conductors of heat and
electricity, but they do not transmit light. The reason for these physical properties is the metallic
bond formed in the state of a solid. Generally, all metals have a small number of electrons in their
outer shell, which can easily be removed to form a metal ion. Now depending upon the wave
function and the probability functions, these metallic ions are bonded together to form a solid.

The metallic bond is quite similar to the ionic bond in the sense that the same electrostatic
force is working on the elements, but there is difference in the position of the negative charges.
And in metals, the negative charge carriers are highly mobile and this results into a characteristic
somewhat different from that of the ionic bond. Since the electrons whiz around and visit
every little part of the metal, the electrostatic forces are equally distributed and come from all
the directions. So, it can be said that the electrons hold the lattice together. As a result, a small
deformation does not cause fracture in the metal.

1.7.4 The van der Waals Bond
The atoms consist of a positive charged nucleus and the electrons around the nucleus.
Sometimes the electrons change their position, and so the centers of positive and negative
charges will not always coincide. Thus the atoms can be regarded as fluctuating dipoles. If
atom X has a dipole moment, then it will induce an opposite dipole moment on atom Y. On
average there will be an attractive force, since the tendency described always leads to attraction.
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This attraction is called a van der Waals bond. Such bonds are responsible for the formation
of organic crystals.

1.7.5 Mixed Bond
Many materials usually form molecules and solids with a combination of primary and secondary
bonds. For example, in case of hydrogen atom mostly covalent bonds form organic compounds
and sometimes ionic bonds. Generally, some set of rules for detecting the dominance of different
bonds in different atoms are given hereunder.

Group I atoms tend to loose electrons while group VII atoms do not loose electrons. So, the
group I atoms have lower ionization potential than the group VII atoms. The ionization potential
is the energy required to move an electron from the outer shell of an atom. The ionization
potential normally increases with the group number and in the same group it decreases with
the increase in the atomic number.

The rules are as follows:

(i) If two ions with same ionization potential form a bond, then this bond will most
probably be either covalent or metallic.

(ii) When the atoms with different ionization potentials form a bond, the bond will mainly
be ionic. With the increase in the difference of the ionization potentials, the bond will
be more and more ionic.

(iii) If the atom or molecule has completely filled outer shell, then the bonding between
the atoms or molecules will be a secondary bond at the time of solidification.

 1.8 CRYSTAL STRUCTURE IN ATOMS

Generally, in most of the solid materials the atoms or ions are stacked in a regular manner. This
does not mean that regular stacking exists in a large volume. While moving from one grain of
molecule to another, irregularities may be found out. These grains may be small, 10–6 m in
diameter, or large. If the atoms are stacked in a regular fashion, then they are called single
crystals. But even in a single crystal or a single grain, irregularities may be present. In general,
due to irregularities or defect, atoms may be missing from the lattice, such defects are called
vacant lattice site. On the other hand, there are some crystals in which the atoms occupy some
position, which should not be occupied by them in the case of a perfect crystals. These are
called interstitial atoms. The physical properties of the materials are changed depending upon
these defects.

Besides these above-mentioned defects, there may also be some impurities present in the
crystal. These impurities also help in the determination of the change in different physical
properties as well as affect the physical properties mainly in the case of semiconductors. In the
case of semiconductors the electrical conductivity may be changed by several orders in
magnitude through addition of a fraction of certain impurities.

There are some other defects known as dislocation, which are responsible for plastic
deformation in solids.
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Now the most important property of a crystal is the periodicity in structure. In this way a
certain unit pattern is repeated in three dimensions in a crystal. If the positive ions occupy the
corners of a cube as well as the centers of the cubic face, then these crystals are called face-
centered cubic crystals. By stacking these kind of cubes in three dimensions a perfect crystal
would be obtained. In Fig. 1.11 the atomic structure of NaCl is shown to illustrate its crystalline
nature.

Na  ion+

Cl  ion–

Fig. 1.11 The Structure of NaCl

In addition to the eight atoms located at the corners of the cube, the face-centered cell
contains an additional atom on each face of the cube. The face-centered cubic lattice is adopted
by many elements, including Ca, Sr, Al, Ni, Cu, Rh, Pd, Ag, Ir, Pt, Au, and Pb. Figure 1.12 shows
two unit cells of the face-centered cubic lattice.

Fig. 1.12 Two Unit Cells of Face-centered Cubic Lattice

The face-centered cubic lattice can be alternately viewed as a series of stacked hexagonal
layers stacked in an ABC fashion. These are represented here by the blue, red, and green
cylinders.
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Fig. 1.13 Face-centered Cubic Lattice showing Series of  Stacked Hexagonal Layers

Another example of face-centered cubic lattice is Diamond. Diamond is composed of
pure carbon. In essence, the diamond structure can be viewed as a face-centered cubic array
with half of the tetrahedral holes filled. It is important to note, however, that diamond is an
example of a network covalent compound. In the diamond structure the atoms are connected
by covalent bonds, with each carbon atom bonded to four others in a tetrahedral geometry.
In essence, Fig. 1.14 illustrates the face-centered cubic array of Diamond.

Fig. 1.14 Face-centered Cubic Array of  Diamond

If the corners of the cube and the center of the cube are occupied by identical atoms then
the crystalline structure is called a body-centered cubic structure. This structure is found in
many materials like Na, Li, K etc. Figure 1.15 shows the general structure of a body-centered
cubic lattice. Figures 1.16(a) and (b) show the structures of Li and Ga4Ni3.

Fig. 1.15 Body-centered Cubic Lattice
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(a) (b)
Fig. 1.16 Crystal Structures of  (a) Li  (b) Ga4Ni3

Some crystal structures are also found where all the atoms do not follow the same type of
structure. The different atoms may be oriented in a different fashion. Figure 1.17 shows one
such example. In this structure the chloride ions form a face-centered cubic array, with the
sodium ions residing inside the octahedral holes.

Fig. 1.17 The Halite or Rock-Salt Structure


